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It is well known, however, that other aspects of pulmonary function are affected in patients with mitral stenosis and this paper deals with these less well-studied functions.
I. Pathological Evidence of Lung Involvement in
Disease of the Mitral Valve
Parker and Weiss (1) were among the first to point out that in addition to pulmonary edema, morphological changes in the pulmonary vascular bed could be demonstrated post mortem in patients with mitral disease. They found changes particularly in the lower lobes: dilatation of the pulmonary capillaries with thickening of the capillary basement membrane. Larabee, Parker, and Edwards (2) described medial and intimal thickening of the pulmonary arterioles. Welch, Johnson, and Zinsser (3) described a case with obliterative vascular lesion throughout all lobes of both lungs.
Other workers (4, 5) have confirmed the findings of Parker and Weiss.
Critical analysis of these papers raises at least three important questions: 1) are the lesions, which have been described, specific for mitral stenosis; 2) are the lesions distributed throughout the lungs in high concentration in most cases of mitral stenosis; and 3) are these lesions of functional significance? Although categorical answers cannot be given to any of these questions, at least one 1 Aided by a contract between the Office of Naval Research, Department of the Navy, and The Johns Hopkins University (NR 12-101).
authority believes that the first two must probably be answered at present in the negative (6) . The findings to be reported in this paper bear on the third question.
II. Physiological evidence of lung involvement in mitral disease
It has been known for many years that increasing degrees of pulmonary engorgement and edema decrease the vital capacity and residual lung volume (7) . When cardiac comhpensation is restored, these values return toward normal (8) . Studies by cardiac catheterization have shown a low cardiac output and an increase in the pulmonary "capillary" and pulmonary arterial pressures. The resistance in the pulmonary vascular bed is also increased (9) .
CLINICAL MATERIAL
Twenty-nine patients in all stages of mitral valvular disease were studied, the majority being patients in whom mitral commissurotomy was being considered. All were thought to have mitral stenosis alone with the exception of patient No. 28 who had mitral insufficiency alone and patients Nos. 9, 10, 12, 15, 17, 19 , and 27 who had both mitral stenosis and insufficiency. The classification of valvular disease was based on clinical examination of the heart.
METHODS
Functional studies were designed to make a preliminary evaluation of pulmonary ventilation, circulation, distribution, and diffusion in resting patients.
Ventilation. A spirogram was obtained with the Collins Ventilometer from which the carbon dioxide absorbing mechanism had been removed, as described by Baldwin, Cournand, and Richards (10) . Vital capacity and maximal breathing capacity determinations were done, and the shape of the spirographic tracing was studied for evidences of airway obstruction or other abnormality of the breathing pattern.
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Circulation. On 15 of the patients, measurements of cardiac output and pulmonary arterial pressure were made in another laboratory in this hospital.2 Pulmonary "capillary" pressure was determined in 11 patients by the method of Dexter and his coworkers (11) .
Distribution. The distribution of inspired gas and mixed venous blood to alveoli in different parts of the lung was evaluated by methods first described by Lilienthal, Riley, Proemmel, and Franke, and subsequently elaborated by Riley, Cournand, Donald, and Renzetti (12) (13) (14) (15) . Estimation of the degree to which distribution was impaired was based upon comparison of the actual concentration of respiratory gases in the gas and blood leaving the lungs (expired gas and arterial blood) with the theoretical concentrations ("effective" alveolar gas and "effective" capillary blood) which would have existed if the ventilationperfusion ratio had been constant in all parts of the lung. The difference between the expired gas and the "effective" alveolar gas was used in calculating the amount of dead space gas (inspired gas) which, if added to the "effective" alveolar gas, would yield a mixture with composition identical to that of the expired gas. This amount of dead space gas was then expressed as a percentage admixture of dead space gas by taking the final step:
Per cent dead space admixture = W X 100.J The difference between the arterial blood and the "effective" capillary blood was used in calculating the amount of mixed venous blood which, if added to the "effective" capillary blood, would yield a mixture with composition identical to that of the arterial blood. This amount of mixed venous blood was then expressed as a percentage of venous admixture in the following manner:
Per cent venous admixture = Qva X 100.' Qt The percentages of dead space admixture and venous admixture represent the form in which the degree of impairment of distribution of gas and blood throughout the lungs is expressed quantitatively.
Dead space, as the term is used here, is occupied by gas of two kinds: gas exhaled from non-perfused parts of the lungs, which therefore has not taken any part in gas exchange, and gas exhaled from relatively poorly perfused alveoli. The Diffusion. The diffusion characteristics of the lung were estimated by determining the diffusing capacity for oxygen, which is the amount of oxygen in ml. which would diffuse across the alveolo-capillary membrane in one minute if the oxygen partial pressure gradient was 1 mm. Hg.
The diffusing capacity can be expressed mathematically as follows:
The determination of diffusing capacity involves the same technical procedures as those required for evaluation of distribution characteristics. These will be discussed farther on in the text.
The diffusing capacity is primarily a function of the area of the diffusing surface and of the permeability of the surface per unit area. The total area of the surface depends upon the number and size of the pulmonary capillaries across whose walls gas exchange takes place. The permeability of the diffusing surface per unit area depends upon the character of the alveolo-capillary interface. Theoretical considerations suggest that, when there are wide variations in the permeability per unit area of membrane in different parts of the lung, the method may give values for diffusing capacity which are a little low (16) . Such an error, if present, would tend to exaggerate the degree of abnormality in the patients with low diffusing capacity.
Resting values for diffusing capacity vary considerably in normal subjects, and only a few values, obtained by the method employed in this study, have been published (12) . This is partly because the technics for determining blood gas tensions are not sufficiently accurate to permit confident interpretation of small alveolo-capillary gradients. These difficulties are reduced when patients with lowered diffusing capacity are studied, because in these instances the pressure gradients are bigger than normal and the error in the final calculation resulting from technical inaccuracies is reduced. In terms of diffusing capacity per square meter, values below nine will be considered abnormal for resting subjects. The analysis of distribution and diffusion involved the simultaneous sampling of expired gas and arterial blood, with the patient breathing, first, room air and, then, a low oxygen gas mixture. The volume of expired gas was measured and samples of expired gas were analyzed for oxygen and carbon dioxide concentration. Arterial blood was analyzed for oxygen and carbon dioxide tension. The pH of the arterial blood was not determined (17 (19) . It thus appears that a reasonable estimate of mixed venous blood oxygen saturation in patients with mitral stenosis who are being evaluated for commissurotomy can be made by subtracting 30 per cent from the oxygen saturation of the "effective" capillary blood. We have followed this practice when samples of mixed venous blood were not available.
The possibility must be considered of a change in arterio-venous difference when patients with mitral stenosis are changed from room air to low oxygen breathing. In 10 patients with mitral stenosis who were breathing 13 per cent oxygen, Bahnson (18) found an increase in the arterio-venous difference in five, no significant change in three, and a decrease in two, as compared to the values obtained on room air. Curti and Cohen (19) studying 14 patients with mitral stenosis, found extraordinary constancy of the saturation difference between "effective" capillary blood and mixed venous blood when the patients breathed first room air and then 15 per cent oxygen. We have, therefore, used the same saturation difference in estimating the oxygen saturation of the mixed venous blood when the patient breathed low oxygen, as was used when the patient breathed room air.
Fifteen of the patients reported in this paper were catheterized. In 12 of those the catheterization was performed within eight days of the respiratory studies and no apparent clinical change took place in the interval. These patients were considered to be in optimal condition for commissurotomy and in a stable state of cardiac compensation. In these patients, the estimation of mixed venous blood saturation was based on the arterio-venous difference found on catheterization. Only one patient, (number 24, first study) had respiratory studies performed during cardiac catheterization.
3) Practical difficulties associated with cardiac catheterization One undesirable feature of cardiac catheterization is the limitation on the number of times the procedure can be repeated. For example, patient number 24 was studied 10 times from the respiratory point of view in an effort to evaluate the effects of ACTH therapy as well as commissurotomy (20) . Three of these studies are shown in Tables XI, XII , XIII, and XIV. Catheterization was performed three times, after which no more suitable veins could be found.
A second consideration is the possibility that the pulmonary function of patients with mitral stenosis may change as a result of the sedation, prolonged immobilization in the supine position, infusion of fluid and psychological stress which often accompany cardiac catheterization. In 15 patients on whom Curti and Cohen (19) performed respiratory studies during catheterization, the venous admixture ratios were in general higher than ours. Because these patients were roughly comparable on the basis of clinical and hemodynamic criteria and because no technical reason seems to be implicated, it is possible that the venous admixture values may have risen as a result of subclinical pulmonary edema associated with the catheterization study. This would be consistent with the occasional development of frank pulmonary edema during catheterization which has been observed both at this hospital and elsewhere. Better evaluation of this aspect of the problem, as related specifically to patients with mitral stenosis, is planned.
These considerations are believed to justify the omission of cardiac catheterization at the time of the respiratory studies.
The effects of differences in the state of the patient during the periods of high and low oxygen breathing also require critical consideration. We shall discuss first the question of an unsteady state and then the question of a changed state during low oxygen breathing.
Unsteady state during low oxygen breathing
There is no doubt that some of the patients herein reported did not reach a completely steady state during the periods of low oxygen breathing. This is indicated by the high values of the CO2 to 02 exchange ratio (R) and is further suggested by the low values for oxygen consumption during low oxygen breathing (21 (22) . The evidence presented therefore, do such changes seriously interfere with the in the preceding section however (Basis for estimated val-system of analysis. ues for mixed venous blood saturation, paragraph 2) sugIn most of the studies to be reported, the alveolar po, gests that the arterio-venous difference in oxygen satura-during room air breathing was 100 mm. Hg or higher, tion remains relatively constant in patients with mitral and the diffusion gradient at this level was less than 1 mm. We thus conclude that the changes occurring during low oxygen breathing in these patients with mitral stenosis were probably small and that small changes in state in4This constitutes a change from recommendations previously made as to the choice of oxygen levels (14) . A more complete discussion of this matter will be published shortly (23 Normal diffusion and distribution-Group 1 (Tables II, III, and IV) Of the 29 cases studied, seven had normal respiratory function with respect to the categories studied. In one of these, no vital or maximal 
Clinical correlations
Of the clinical signs and symptoms, the degree of exertional dyspnea was best correlated with the physiological grouping. In Group 1, dyspnea was mild or absent; in Groups 2 and 3, it was mild or moderate; in Group 4 it was uniformly severe.
Dyspnea has long been considered a manifestation of pulmonary congestion, which, as will appear below, contributes to abnormalities of distribution. Dyspnea is also associated with impaired diffusion (24) . It is not surprising, therefore, that the patients in Group 4, who had impairment of both distribution and diffusion, suffered from the most severe dyspnea.
There was no correlation between the duration of signs and symptoms and the severity of the physiological abnormalities in these patients.
Pulmonary vascular pressures
In three patients the pulmonary "capillary" pressure may have been in error. In Cases 3 and 19, the mean pulmonary arterial and "capillary" pressures were so close that there is a question as to whether the catheter was adequately wedged Table IV. | Values obtained at catheterization 10 months after respiratory studies.
when the pulmonary "capillary" pressure was recorded. In Case 21, the pulmonary "capillary" pressure was found to be 6 mm. Hg on two different occasions. This patient had severe mitral stenosis at operation and was dramatically improved by commissurotomy. It seems unlikely that such a low pulmonary "capillary" pressure could exist in a patient with severe mitral stenosis. Some evidence regarding the early sequence of events in patients with mitral stenosis can be gleaned from the studies in Group 1. Among these patients with normal respiratory function, there were three whose pulmonary arterial pressures were measured, and in two of these, the pressure was significantly elevated. Thus it appears that elevation of pulmonary vascular pressures may precede abnormalities of pulmonary function as measured by the technics used in this study.
Further correlations between hemodynamic and respiratory findings are uncertain because the measurements were not simultaneous. For purposes of this report, the hemodynamic data simply serve to indicate, in terms which have become relatively familiar, the severity of the disease process under consideration.
Vital capacity and maximal breathing capacity
The vital capacity and maximal breathing capacity were usually normal in Groups 1 and 3 and were usually reduced in Groups 2 and 4. In patients with cardiac disease, a low vital capacity and reduced maximal breathing capacity have long been thought to indicate pulmonary congestion. These changes may result from decreased lung distensibility and retractability and from obstruction of the smaller airways caused by tissue edema and free fluid within the airways.
Distribution characteristics
In general, variations in the ventilation-perfusion ratio in different parts of the lung tend to elevate both the venous admixture ratio and the dead space ratio (13) . Obstruction of airways may permit perfusion of poorly ventilated areas and lead to a high venous admixture ratio, while obstruction of blood channels may permit ventilation of poorly perfused areas and lead to a high dead space ratio. Because of their common relationship to vascular congestion and edema, it is not surprising that reduction in vital capacity and maximal breathing capacity proved to be characteristic of the same groups in which the distribution of gas and blood to the alveoli was abnormal (Groups 2 and 4).
This relationship is supported by the correlation between vital capacity and dead space ratio shown in Figure 1 . The correlation is as good as can be expected between two functions which are affected independently by factors other than vascular congestion and edema. It is at least consistent with Vo / V~3 hence, presumably, in the tendency for fluid to escape from the capillaries, the decrease in dead space ratio after operation may well have resulted from decreased pulmonary vascular congestion and edema.
The increase in venous admixture ratio in most of the patients in Groups 2 and 4 is consistent with the findings of Blount, McCord, and Anderson (28) .
Diffusion characteristics
A low diffusing capacity is attributed to abnormalities in the character of the diffusing surface or to reduction in its total effective area, i.e., the area of the capillary walls across which gas exchange takes place. These changes may be either structural or functional in nature.
Although histological evidence for structural changes in the diffusing surface in mitral stenosis has been presented (1), the changes are usually not striking and it is difficult to evaluate their importance. The possibility that physico-chemical changes may alter the ease with which oxygen diffuses per unit area, without altering the appearance of the microscopic section, must be acknowledged but cannot be evaluated. Pulmonary edema produces a structural change in the character of the pulmonary membrane but the degree of edema presumed to be present in Group 2 did not cause a significant decrease in the diffusing capacity at rest. Several mechanisms for reduction, in the area of the diffusing surface, may be postulated. Parker and Weiss provided suggestive, but not conclusive, evidence for loss of capillaries, based on direct capillary counts (1) . Degenerative changes, leading to elimination of capillaries, would seem a not unlikely result of prolonged capillary hypertension and might also arise as a direct effect of the rheumatic process. Interruption of pulmonary capillary blood flow by small emboli must also be considered, because evidence of embolization is frequently found in patients dying of mitral stenosis (25) .
The most convincing evidence for functional changes in the pulmonary membrane is provided by the increase in diffusing capacity which occurs with exercise. The fact that such an increase occurs has been demonstrated repeatedly both in normal subjects and in patients with mitral disease. The explanation would seem to require either that the permeability to oxygen of the diffusing surface increase with exercise, or that its area broaden. While no proof is available, it seems likely that the area of the perfused portion of the pulmonary capillary bed might increase, but unlikely that the diffusion characteristics of the capillary walls and alveolar membrane should change. From these reasonable assumptions it is postulated: 1) That the area of the active diffusing surface increases during exercise; 2) conversely, that part of the surface, across which diffusion takes place during exercise, is inactive in the resting state; and 3) that this reduction results, in large measure, from the cutting off of blood flow through portions of the capillary bed.
A way in which such dynamic changes in the diffusing surface might be brought about is suggested by the work of Burton, Nichols, Girling, Jerrard, and Claxton (26, 27) . These workers inferred, from careful studies of the circulation of the rabbit's ear and hind limb, that small vessels close completely at pressures below a certain level, called the critical closing pressure. They also found evidence that the critical closing pressure rises as the tone in the vessel walls increases.
If these ideas are applied in the case of mitral stenosis, it would seem possible that some of the small pulmonary vessels close in the resting state because the pressure tending to hold them open is less than the critical closing pressure. As a consequence, blood flow through some of the capillaries may be eliminated with resultant reduction in the area of the active diffusing surface and reduction in the diffusing capacity as determined. Such a mechanism would account for the dynamic changes in the capillary bed which were postulated to explain the difference between the diffusing capacity at rest and during exercise. 5 The objection might be raised that the pulmonary vascular pressures are high in mitral stenosis and that, therefore, all vessels must necessarily be open even in the resting state. To this it could be answered that the pulmonary vascular resistance is also high in mitral stenosis, suggesting that the tone of the small vessels, and hence their critical closing pressure, is high. Probably the balance between the pressures tending to hold the vessels open and the vasomotor tone, tending to close them, determines which vessels remain patent and which do not.
It may be postulated that gas exchange takes place across virtually all capillary walls during strenuous exercise, and that the diffusing capacity, determined under these conditions, is related to the structural characteristics of the entire diffusing surface of the lung (17) . If this is so, the highest value obtainable during exercise, called the maximal diffusing capacity, may be interpreted in static morphologic terms. Values obtained at rest, on the other hand, are almost certainly affected by dynamic, as well as static, factors. It is therefore felt, that quantitative interpretations regarding the over-all structure of the diffusing surface are not justified by knowledge of the resting diffusing capacity alone.
The low values for diffusing capacity found in the patients in Groups 3 and 4 indicate simply that the summation of morphologic and physiologic factors, affecting the diffusing surface in the resting state in patients with mitral stenosis, may lead to a lower-than-normal value. The differences between Groups 2 and 3 demonstrate that significant abnormalities of diffusion and distribution may occur independently.
Pathogenesis of the pulmonary changes in patients with mitral stenosis
The development of pulmonary changes in patients with mitral stenosis is presumably related to the well-recognized hemodynamic changes. As the mitral valve becomes deformed, the flow of blood through the narrowed valve is maintained by an increase in the diastolic pressure gradient between the left auricle and the left ventricle. This increase is brought about by elevation of the left auricular pressure, which is necessarily accompanied by elevation in pressure throughout all vessels up-stream from the auricle. The energy for these pressure changes is provided primarily by the right ventricle. The pressure is, thus, progressively higher in the pulmonary capillary bed and in the pulmonary artery. Twenty-nine patients with mitral valvular disease were studied by methods designed to ex-plore pulmonary ventilation, circulation, distribution and diffusion. Dyspnea was the clinical feature best correlated with physiological abnormalities, being absent or slight in patients who displayed normal respiratory function and most severe in those who had evidence of impaired diffusion of oxygen and abnormal distribution of blood and gas to the alveoli. Impairment of distribution appeared to be related to the presence of at least minimal pulmonary edema. Impairment of diffusion, on the other hand, was related to capillary changes of a structural or functional nature, acting singly or in combination. The fact that abnormalities of distribution and diffusion often appeared independently suggested that the sequence of events in the development of altered pulmonary function in patients with mitral stenosis might vary from patient to patient. When the disease was far advanced, there were abnormalities in all aspects of pulmonary function which were studied. P1o2 = inspired gas Po2, in mm. Hg B.T.P.S. Qva/Qt X 100 = ratio of venous admixture to total blood flow, expressed as per cent. R = the C02 -0, exchange ratio or respiratory quotient. Sa = oxygen saturation of arterial blood. Sc -oxygen saturation of "effective" capillary blood, i.e., blood leaving alveolar capillaries, as specifically defined (13) . Sv = oxygen saturation of mixed venous blood. T = time in minutes during which the patient approached a steady state, while breathing either room air or a low oxygen mixture, before samples of arterial blood and expired gas were collected for analysis.
VD";,-= apparatus dead space. VDe = physiological dead space, corrected for apparatus dead space in ml. B.T.P.S.
VD°/VTO X 100 = ratio of dead space to tidal volume, both corrected for apparatus dead space, expressed as per cent.
VE
= minute volume of expired gas, i.e., ventilation in L. per minute B.T.P.S. VOX -02 consumption in ml. per minute S.T.P.D.
(standard temperature and pressure, dry).
